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11/23/2012	 1	min	section	 Fast	 11/23/2013	 1.0000000	
12/02/2012	 All	day	 Slow	 12/02/2013	 1.0000000	
02/26/2013	 Partial	day	 Slow	 10/05/2012	 1.0000000	
02/27/2013	 Morning	 Both	 10/02/2012	 0.9163347	
03/28/2013	 Afternoon	 Both	 03/21/2013	 1.0405904	
04/12/2013	 All	day	 Both	 08/13/2013	 1.0000000	
07/27/2013	 Partial	day	 Slow	 07/27/2012	 1.0000000	
08/05/2013	 Partial	day	 Slow	 08/05/2012	 1.0000000	
08/29/2013	 Partial	day	 Slow	 08/12/2012	 1.0000000	
08/31/2013	 Partial	day	 Slow	 08/20/2012	 1.0000000	
09/02/2013	 Partial	day	 Slow	 08/10/2012	 1.0000000	







































































































































































































































































































































































































1	 73.20%	 57.90%	 47.00%	
5	 70.70%	 65.40%	 44.50%	
15	 66.90%	 63.90%	 39.90%	
30	 65.20%	 62.90%	 37.70%	
50	
1	 89.50%	 74.20%	 62.20%	
5	 85.80%	 79.40%	 61.00%	
15	 84.70%	 81.10%	 56.00%	
30	 83.50%	 80.80%	 54.40%	
25	
1	 98.80%	 92.30%	 80.30%	
5	 96.60%	 91.70%	 77.70%	
15	 95.90%	 93.00%	 75.40%	
















































































































































































































PV Reserve as Percentage of Peak Energy Possible














































































 𝒅𝑷𝒅𝑽 = 𝒅(𝑰 ⋅ 𝑽)𝒅𝑽 = 𝒅𝑰𝒅𝑽𝑽 + 𝒅𝑽𝒅𝑽 𝑰 = 𝒅𝑰𝒅𝑽𝑽 + 𝑰 = 𝟎  (6.2) 
We	approximate	that	for	rapid	sampling	(faster	than	the	dynamics	found	in	the	solar	data)	we	can	
replace	the	instantaneous	derivative	with	a	ratio	of	discretized	differences.		
 𝒅𝑰𝒅𝑽 ≈ ∆𝑰∆𝑽 (6.3) 
Implementing	this	approximation	and	simplifying	the	expression	into	two	conductance	terms,	we	have	



















 𝒅𝑷𝒅𝑽 = 𝐒 (6.5) 
where	S	is	the	variable	for	slope.	Following	the	same	procedure	as	in	Section	5.1.1,	we	obtain	





















































capacitance.	The	diode	in	the	base	model	was	replaced	by	a	dependent	current	source	valued	at	1 − 𝐷 ⋅ 𝐼`	where	𝐼`	is	the	average	inductor	current;	the	MOSFET	was	replaced	by	a	dependent	voltage	





















































𝑷𝒊e𝟏 − 𝑷𝒊𝑽𝒊e𝟏 − 𝑽𝒊 ≈ 𝐒𝐢e𝟏𝟐 (6.7) 
in	order	to	create	a	slope	vs	voltage	or	S-V	curve.	













































































 $𝟑𝟎𝟎𝟎𝟔. 𝟒	𝒌𝑾𝒉 = $𝟒𝟔𝟖. 𝟕𝟓/𝒌𝑾𝒉 (6.8) 
With	the	rated	cycling	estimate	of	5000	cycles	[49]	at	1.4	cycles	per	day,	that	yields	~9.78	years.	Call	it	
10	years	for	convenience.	The	reduced	battery	storage	requirement	can	save		














 𝟏𝟎%	×	𝟏𝟏𝟏%	×	$𝟎. 𝟎𝟓𝒌𝑾𝒉 = $𝟎. 𝟎𝟎𝟓𝟓𝟔𝒌𝑾𝒉  (6.11) 
With	this	new	perspective	on	the	cost	of	the	reserve,	the	cost	per	year	becomes	
 
$𝟎. 𝟎𝟎𝟓𝟓𝟔𝒌𝑾𝒉 	×	𝟑. 𝟒𝟏 𝒌𝑾𝒉𝒅𝒂𝒚 	×	𝟑𝟔𝟓𝒅𝒂𝒚𝒔𝒚𝒓 = $𝟔. 𝟗𝟏𝒚𝒓  (6.12) 
which	is	considerably	lower	than	the	benefit	gained	by	reduced	energy	storage	needs,	which	is	also	an	
upfront,	fixed,	investment	cost.		
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6. Conclusion	
Continued	integration	of	renewable	energy	resources	onto	the	electric	grid	increases	variability	and	
decreases	grid	stability.	Energy	storage	can	help	mitigate	some	of	these	effects,	but	traditional	energy	
storage,	such	as	batteries,	is	typically	expensive	and	has	other	disadvantages	such	as	round	trip	
inefficiency	and	limited	lifetime.	Real,	high-speed	solar	panel	data	was	used	to	characterize	the	
stochastic	energy	output	of	PV	sources,	and	the	numerous	challenges	faced	and	methods	used	when	
manipulating	this	real-life	data	set	were	detailed.	Two	alternative	methods	were	then	presented	to	
absorb	or	reduce	the	variability	imposed	upon	the	grid	by	PV	or	other	generation.	
Dynamic	HVAC	load	compensation	was	proposed	as	a	method	to	absorb	or	filter	short-term	PV	
variability	and	act	as	effective	grid	inertia	that	is	being	replaced	by	non-inertial	generation.	A	proposed	
Butterworth	filter	power	target	technique	balanced	energy	storage	demands	with	decreased	
uncertainty.	A	small-scale	model	of	a	variable	speed	blower	and	fan	was	used	to	estimate	filtering	
limitations	imposed	by	undesirable	acoustic	effects	and	to	provide	a	conversion	between	fan	speed	and	
power	consumed.	Physical	ceiling	and	floor	limitations	as	well	as	thermal	limitations	further	constrain	
the	available	filtering	potential.	Considering	all	of	the	imposed	limitations,	the	variation	absorption	or	
filtering	capability	of	dynamic	HVAC	load	compensation	was	analyzed	for	various	building	sizes	and	on-
site	solar	penetrations.	As	would	be	expected,	the	larger	the	relative	size	of	the	HVAC	power	
consumption	to	the	PV	power	capacity,	the	greater	the	system	ability	to	absorb	variations	in	power	
production.	Decreased	limitations	such	as	ramp	rate	and	amplitude	limits	would	also	enable	increased	
filtering	capability.	The	reduction	in	battery	storage	capacity	was	briefly	investigated	and	of	note	was	
the	substantial	reduction	in	energy	that	had	to	pass	into	and	out	of	the	battery	when	dynamic	load	
compensation	was	implemented.		
PV	operating	reserve	curtailment	was	then	introduced	as	a	way	to	reduce	variability	both	through	
cropping	of	power	spikes	through	curtailment	as	well	as	partially	compensating	power	“valleys”	by	
utilizing	PV	operating	reserve.	The	same	Butterworth	filter	power	target	method	was	used	for	analysis,	
and	the	variability	quantified	in	terms	of	absolute	variation	and	integrated	differences	from	the	target	
set	point.	The	idea	of	operating	reserve	curtailment	then	led	to	the	argument	that	as	prices	of	PV	
continue	to	come	down,	the	cost	of	grid	regulation	should	be	included	in	the	cost	of	installed	PV	and	
renewable	resources	just	as	it	is	for	conventional	grid	generation.	PV	already	can	act	as	a	grid	resource	
rather	than	a	grid	nuisance	by	providing	rapid	response	times	to	faults,	frequency	regulation,	ramping	
capability,	and	other	services.	This	mindset	of	solar	as	a	grid	resource	makes	operating	reserve	
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curtailment	an	economical	choice,	and	the	cost	comparison	was	provided	for	varying	amounts	of	
curtailment	and	PV	price	points.	A	proposed	metric	of	optimality	was	presented	that	balances	energy	
production	with	decreased	variability.	The	results	indicate	that	no	one	level	of	operating	reserve	
curtailment	is	optimal	for	all	days,	and	that	depending	upon	the	type	of	cloud	cover	experienced,	the	
optimal	energy-variability	peak	may	lie	beyond	the	economic	break-even	point	and	thus	be	cost	
constrained.		
A	proof-of-concept	model	for	desired	power	point	tracking	or	“DPPT”	was	demonstrated.	The	model	
was	built	up	in	stages,	first	implementing	an	MPPT	incremental	conductance	algorithm,	then	replacing	
the	converter	with	an	average	model	and	similar	dynamics,	then	operating	at	a	fixed	fraction	of	the	
MPP,	and	finally	tracking	a	dynamic	Butterworth	signal.	The	end	result	was	an	algorithm	that	could	
calculate	and	track	a	filtered	version	of	the	raw	solar	panel	power	available.	By	demonstrating	that	such	
operation	can	be	accomplished	with	nothing	more	than	a	modified	control	scheme,	there	exists	a	clear	
path	to	real-life	implementation	in	photovoltaic	inverters	without	additional	hardware.	With	the	
paradigm	shift	in	PV	variability	mitigation	requirements,	implementing	such	a	change	will	provide	the	
necessary	regulation	for	predictable	power	output	at	a	lower	cost	than	additional	investment	in	
chemical	energy	storage.		
6.1. Future	work	
While	the	solar	data	used	for	this	work	was	sufficient,	rerunning	simulations	for	an	entire	year	or	more	
of	solar	data	would	lead	to	more	realistic	results.	Knowing	now	that	100	Hz	effectively	captures	all	
meaningful	dynamics,	and	taking	lessons	from	the	first	PV	acquisition,	a	repeat	experiment	could	yield	a	
continuous	data	set	suitable	for	long-term	analysis	of	variability	mitigation	techniques.		
Regarding	the	HVAC	analysis,	full-scale	data	or	experiments	are	essential	to	verify	or	adjust	the	
assumptions	made	when	investigating	dynamic	load	compensation.	With	recent	access	to	fan	power	
and	airflow	measurements,	data	from	full-scale	HVAC	units	could	be	substituted	in	for	the	scaled	
approximations.	Additionally,	correlated	audio	recordings	from	actual	labs	or	classrooms	with	power	
usage	data	could	lead	to	better	ramp	rate	and	amplitude	limit	approximations.	Occupancy	sensor	data	is	
also	available,	so	further	analysis	is	encouraged	to	determine	how	much	of	the	building	is	unoccupied	at	
a	given	time	and	what	additional	flexibility	that	lends	to	HVAC	power	filtering.	Along	these	same	lines,	
water	tank	storage	has	a	giant	potential	capacity	for	thermal	energy	absorption	and	little	to	no	
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limitation	on	ramp	rate,	so	if	such	systems	can	be	more	accurately	characterized,	their	thermal	inertia	
could	supplement	that	of	buildings	and	air.		
Much	of	this	data	could	be	gathered	from	sensors	and	fed	to	control	algorithms,	but	public	awareness	
would	be	excluded	from	such	a	setup.	Future	work	should	almost	certainly	include	public	education	of	
the	variability	imposed	on	the	grid	by	photovoltaic	fluctuations	and	the	mitigation	techniques	actively	
engaged	in	combatting	it.	The	format	could	be	as	simple	as	an	energy	dashboard	displaying	prevented	
power	variation	and	where	that	energy	is	being	stored,	diverted,	or	eliminated.	After	all,	short-term	
variability	of	renewables	is	often	overlooked,	so	if	the	problem	is	to	be	addressed,	people	first	need	to	
know	that	the	problem	exists	and	then	need	to	know	what	solutions	exist	and	how	they	work.	
The	DPPT	algorithm	still	needs	considerable	optimization	requirements	before	operational	hardware	
may	be	realized.	Of	primary	concern	is	the	high-frequency	oscillation	in	power	output,	which	would	be	
undesirable	to	connect	to	the	grid.	Additionally,	future	work	will	include	investigating	alternative	set-
point	power	targets.	For	example,	short-term	forecasts	may	be	substituted	for	the	Butterworth	filter	set	
points.	
To	summarize,	both	of	the	two	proposed	variability	mitigation	methods	presented	in	this	thesis	are	
inexpensive	alternatives	to	battery	storage,	needing	little	more	than	an	advanced	control	to	be	
implemented.	However,	each	method	is	also	incapable	of	removing	all	variability	introduced	by	PV.	
Together	(with	other	thermal	storage	outlets	potentially	utilized),	the	proposed	alternatives	can	
drastically	decrease	or	eliminate	necessary	chemical	energy	storage,	provide	inexpensive	grid	stability	
resources,	and	enable	increased	penetration	of	renewable	energy	technologies	for	a	clearer,	brighter	
future.		 	
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